The extraordinary optical and electronic properties of graphene make it a promising component of high-performance photodetectors. However, in typical graphene-based photodetectors demonstrated to date, the photoresponse only comes from specific locations near graphene over an area much smaller than the device size. For many optoelectronic device applications, it is desirable to obtain the photoresponse and positional sensitivity over a much larger area. Here, we report the spatial dependence of the photoresponse in backgated graphene field-effect transistors (GFET) on silicon carbide (SiC) substrates by scanning a focused laser beam across the GFET. The GFET shows a nonlocal photoresponse even when the SiC substrate is illuminated at distances greater than 500 µm from the graphene. The photoresponsivity and photocurrent can be varied by more than one order of magnitude depending on the illumination position. Our observations are explained with a numerical model based on charge transport of photoexcited carriers in the substrate.
G raphene-based photodetectors have attracted significant attention recently due to their ultrafast and broadband response, features that are important for next-generation optoelectronic applications such as imaging, high-speed communication, spectroscopy and displays . One of the major challenges hindering applications of graphene-based photodetectors is their small effective photosensitive area. The graphene-based photodetectors demonstrated so far only show a local photoresponse, when the light is illuminated on specific device areas on the graphene or its boundary, such as at the metal-graphene interface on the contacts 3, 8, 9 , at the p-n junction in the graphene 19, 23 , at the interface between single-layer and bilayer graphene 20 , or at the hybrid channel where graphene is in contact with other photoactive nanomaterials (such as semiconductor quantum dots or two-dimensional materials) 13, 14 . This is because the photoresponse in these photodetectors requires light absorption in the channel that includes or is in direct contact with graphene. The photoresponsivity quickly falls off to zero for illumination outside those specific locations within the device active areas. In many sensing applications, precise illumination onto specific device locations is not always feasible, resulting in no photoresponse or a response derived from only a small fraction of the illuminating power. To overcome those limitations, it is important to develop graphene photodetectors that can be operated without precise illumination on the graphene or contacts, and to examine their position-sensitive photoresponse characteristics.
In this Article, we investigate, for the first time, the positionsensitive, nonlocal and large-area photoresponse of photo-actuated graphene field-effect transistors (GFETs) on undoped silicon carbide (SiC) substrates by illuminating them at various positions using a focused laser beam. We show that the unique and simple combination of small-area graphene and large-area SiC substrate provides both position sensitivity and large-area photodetection. We demonstrate that a photoresponse can be achieved for laser illumination not only on the graphene channel, but also on the bare SiC substrate a few hundred micrometres away from the graphene (for example, more than 500 µm away for a low incident laser power of 5 µW). For light illumination within ∼100 μm of the graphene, the device can show a strong photocurrent signal with a room-temperature photoresponsivity exceeding ∼10 A W -1 (reaching ∼18 A W -1 when the illumination is on the graphene). The photoresponse characteristics of our device (for example, photocurrent, photoresponsivity and response time) can be varied by over one order of magnitude by varying the distance of laser illumination from the graphene. We qualitatively explain the positionsensitive photoresponse based on the dependence of the electric field in the SiC substrate near the graphene on the position of illumination, because the graphene conductivity is determined by the change in this local electric field. We also develop a model that quantitatively explains the experimentally observed position-dependent photoresponse by considering the transport of photo-generated charge carriers to near the graphene.
A schematic of a GFET on an undoped SiC substrate is shown in Fig. 1a . The GFETs are fabricated by transferring mechanically exfoliated single-layer graphene onto an undoped SiC substrate, followed by electron-beam lithography and metal deposition of the contacts (see Methods). The device electrical response is measured while a focused laser beam (spot size ∼0.6 µm) with a wavelength of 532 nm illuminates various locations on the device (Fig. 1b,c) . Although the excitation energy of the laser (2.3 eV) is slightly below the nominal bandgap of SiC (ranging from 2.4 to 3.3 eV) 24 , SiC can absorb 532 nm incident light and generate photoexcited carriers due to in-gap impurity levels 24, 25 . The nonlocal, position-dependent photoresponse data presented in the following sections are measured for one representative device with an illumination laser wavelength of 532 nm. A qualitatively similar photoresponse has also been reproduced in other devices and using other illumination laser wavelengths (Supplementary Section 4).
Field effect and photoresponse
We first characterized the photoresponse by focusing the laser beam on the graphene (X = 0 μm, where X denotes the distance of the illumination position from the centre of the graphene channel). Figure 1d presents the transfer curves, that is, drain-source current as a function of backgate voltage (I ds -V g ), of the representative device measured both in the dark and under illumination with a laser power P of 5 μW. The dependence of the dark current I dark on V g is very small, indicating a weak field effect under dark conditions.
Due to the large thickness (d ≈ 416 µm) of the undoped and insulating SiC substrate, a small electric field is experienced by the graphene without illumination (Fig. 1d ), leading to a weak field effect. The current under illumination (I light ) is sharply increased for both high positive and negative V g , with a minimum current at V g = −2 V (defined as the Dirac point voltage, V Dirac , the backgate voltage at the charge neutrality point), indicating that the charge carrier modulation and field effect in graphene are significantly enhanced upon light illumination. The device shows a photoresponsivity (R = I photo /P, where photocurrent I photo = I light -I dark ) as high as 18 A W -1
at V g = −30 V (Fig. 1d , right inset, and Supplementary Section 13). The photodetection gain of our device is ∼42. This enhancement of charge carrier modulation and field effect in graphene is attributed to the generation of photo-excited charge carriers in SiC upon light illumination, which increases the conductivity of SiC in the regions where the The incident laser power on the device is 5 µW and the beam spot size is ∼0.6 μm. All measurements were conducted under ambient conditions. In the absence of light ('dark'), due to the relatively large thickness (d ≈ 416 μm) of the SiC substrate, the electric field experienced by the graphene is relatively small, giving rise to a weak field effect. Under laser illumination, photoexcited charge carriers are generated in the SiC, which increases the average conductivity of the SiC, resulting in an increase in the electric field. The photo-actuated change in the electric field is indirectly measured by the change in the graphene conductivity via the field effect, allowing us to detect light interacting with SiC. Inset (right): photoresponsivity R as a function of V g for illumination position X = 0 µm. The maximum photoresponsivity of our device is ∼18 A W -1
. Inset (left): optical image of a fabricated GFET (scale bar, 4 µm). e, Plot of electric field E (calculated with COMSOL Multiphysics) directly under the graphene of a GFET as a function of P at V g = 30 V (for laser illumination on graphene, X = 0 µm). This shows that the electric field can be enhanced significantly by light illumination. Inset: representative simulation of electrical potential and electric field lines in the substrate (scale bar, 100 µm) for P = 0.1 µW. The electric field directs the photogenerated carriers toward the location under the graphene. With increasing P, E increases and the change in E is detected by the change in the conductivity of graphene, enabling the detection of light incident on the device.
light is absorbed and leads to an increase in the electric field at the graphene in the presence of the backgate voltage. The change in the electric field changes the carrier density in the graphene and thus the conductivity of graphene 26 . In this way, the change in graphene conductivity is used to detect the light interacting with SiC via the field effect. This field-effect-based photodetection mechanism is also consistent with the observation of near-zero photocurrent at V g ≈ 0 V, when there is no electric field (and thus no field effect) to modulate the graphene conductivity. The small offset of the zero crossing point of the photocurrent away from V g = 0 V (Fig. 1d ) may be related to gate hysteresis and trapped charges in the SiC 27 . To further confirm the photodetection mechanism as well as to test the importance of the graphene in our devices, we also fabricated and measured two different control devices without graphene: (1) a SiC device (where the source and drain contacts are directly deposited on the SiC without graphene) and (2) a dummy device (where gold is used in the channel instead of graphene). These control devices showed a negligible photoresponse (Supplementary Section 2). In addition, the gate leakage current of the GFETs was small (below 1 nA, even when the device was illuminated with photons with energy close to the SiC bandgap) and did not change appreciably upon illumination (Supplementary Sections 3 and 4). This confirms that the SiC substrate in our device does not become sufficiently conductive to form a shorted electrical connection between the backgate and the graphene, suggesting a significant fraction of the substrate remains insulating. The insulating behaviour probably originates from the inhomogeneous distribution of the photoexcited carriers or the existence of a native oxide layer, which often forms naturally on the SiC surface 28, 29 . These control measurements, together with our observation of the photoresponse for light illumination away from the graphene or contact, confirm that the photoresponse of our GFETs is not derived from the Schottky junction between the SiC and metal contact or graphene, from the field effect in SiC, or from charge collection in the SiC; rather, it results from the charge carrier modulation and field effect in graphene due to photocarrier generation in SiC. When the GFETs are illuminated at a lower excitation energy (0.8 eV, which is much lower than the SiC bandgap), the device shows a much weaker field effect and negligible photoresponse (Supplementary Section 4), again confirming that photocarrier generation in SiC is responsible for the strong field effect and large photoresponse in our device.
To develop a better understanding of this photo-induced fieldeffect photodetection mechanism, we modelled the GFETs and conducted finite-element method (FEM) simulations (Supplementary Sections 1 and 9) 26 . A representative simulation of the electric potential and field lines in SiC under graphene is presented in the inset of Fig. 1e , showing a sharp increase in the electric field at lower laser power and saturation at higher laser power. The increase 
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in the electric field in the vicinity of graphene results in the modulation of graphene conductivity used to detect the light incident on the GFET. To more quantitatively account for our measured photoresponse, the transport of photoexcited charges must also be considered, as discussed later in section 'Model for nonlocal and position dependent photoresponse'.
Position-sensitive, nonlocal, large-area photoresponse
We measured the I ds -V g characteristics when focusing the laser spot at different positions X on the SiC substrate away from the graphene. Figure 2a presents the dependence of photocurrent on the gate voltage (I photo -V g ) for P = 5 µW. The most striking feature observed is that the device shows a photoresponse even when the laser is focused far away from the graphene, on the bare SiC substrate. For laser illumination on the graphene (X = 0 µm), the photocurrent shows a strong dependence on V g . As the laser illumination position is moved away from the graphene, the characteristic I photo -V g curves alter. The photocurrent for both high positive and negative V g decreases (Fig. 2a) , and V Dirac shifts to lower values with increasing distance (Supplementary Section 5). When X > 100 μm, the I photo -V g characteristics become nearly independent of V g , and no clear Dirac point is observed, indicating a reduction of the electric field effect at the graphene with increasing distance. This is also seen in transconductance g m (= dI photo /dV g ) versus distance plots (Supplementary Section 6). These observations clearly indicate that the photoresponse of our device is sensitive to the distance of illumination from the graphene. The time-dependent photocurrent (I photo -t) measurements show a faster photoresponse and a larger steady-state photocurrent (∼75 µA) when the illumination (P = 5 µW) is centred on the graphene (X = 0 µm) (Fig. 2b) . With increasing distance, photoresponse is reduced (lower steady-state photocurrent, consistent with the distance-dependent transfer characteristics in Fig. 2a ) and is slower compared to illumination on the graphene. Eventually, a much smaller photocurrent (few µA) is observed when the illumination (P = 5 µW) position is 500 µm away from the graphene. Interestingly, the same device shows a higher photocurrent (compared to the photocurrent for P = 5 µW) even at a distance greater than 1,000 µm when a higher incident laser power (P = 720 µW) is used ( Fig. 2c; Supplementary Section 7) . A photocurrent overshoot 30, 31 in the on/off switching is observed for illumination on or near the graphene (0 ≤ X < 10 µm) with a high laser power (Supplementary Section 7). We found that both the photocurrent and photoresponsivity do not change significantly up to distances of ∼100 µm, and then they decrease by more than one order of magnitude with increasing distance (Fig. 2c,d ).
This trend suggests that the electric field experienced by the graphene decreases significantly when the illumination position moves far away from the graphene. As shown in Fig. 2d , even where the laser illumination position is 500 µm away from the graphene, our device still exhibits a notable photoresponsivity (∼500 mA W −1 at P = 5 µW and ∼60 mA W -1 at P = 720 µW). This clearly shows that a precise positioning of the laser within the specific area of our device is not required to induce the photoresponse.
The dependence of photoresponsivity on the incident laser power for all illumination positions follows a power law, R ∝ P α , where α is in the range of −0.52 to −0.85 (Fig. 3a) . A non-unity exponent (deviating from −1) is generally attributed to the presence of defect states 32, 33 . Therefore, the observed increase in the exponent α with increasing distance (Fig. 3b) may suggest that when the illumination positions are far away from the graphene, more charge carriers are trapped by defect states. This is also consistent with a longer response time for larger illumination distances ( Fig. 3c and Supplementary  Section 8) , where the photo-generated carriers in SiC travel a longer distance to reach the location under the graphene, resulting in a delay in the occurrence of the field effect in graphene and a longer response time. In addition, for a shorter illumination distance (closer to the graphene and shorter response time), the change in electric field is also higher, which induces a larger number of photo-modulated carriers in the graphene.
Model for nonlocal and position-dependent photoresponse
We have developed a model for the position-dependent photoresponse. The model assumes that the graphene response is determined by the photo-generated charge carriers in the SiC substrate that are transported by the electric field to immediately beneath the graphene. A fraction of transported charge carriers may become trapped during transport at defect and impurity sites, and recombine with their opposite charges, and are thus unable to affect the GFET response. The model considers the graphene photoresponsivity for steady-state laser illumination conditions (equilibrium between photoexcitation and recombination during transport), but does not account for time-dependent transients.
In the model, the electric field is generated by V g between the graphene and backgate. A two-dimensional map of the electric field within the substrate for V g = +30 V was simulated with COMSOL Multiphysics (Fig. 4a-d) 
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. Electron-hole pairs are produced in SiC along the laser path due to light absorption, and are transported under the influence of the electric field E within the substrate at a velocity where z is the depth into the substrate (with graphene located at z = 0) and μ is the charge carrier mobility 34 . At each lateral illumination distance x from the graphene, a series of sample points at a range of depths within the entire substrate are used as starting points for a charge carrier. A sample charge carrier is moved to a new location within a predefined time step t s :
where i is the iteration number. The total distance travelled, d total , is
where l is the number of iterations, determined by the total number of steps taken (typically several hundred). While undergoing transport in SiC, the electron or hole recombines with its opposite charge within a characteristic distance known as the recombination length, ε = 1/ϕδ, where ϕ is the recombination cross-section and δ is the density of recombination sites. These recombination sites are considered to be impurities and defects within the SiC substrate. A fraction of charge carriers escape recombination and are transported to the vicinity of the graphene from the illumination position x, with a characteristic transport factor given by
The number of charges transported to the vicinity of the graphene is the product of the transport factor T and the number of photo-generated charges within the substrate (which is linearly proportional to laser power P). For simplicity, we also assume that without illumination the graphene is relatively undoped (a reasonable approximation for our device). The photocurrent generated (induced change of I ds ), I photo , is nonlinearly dependent on the total number of charges that are transported to the vicinity of the graphene:
where P is the incident laser power, P 0 = 1 W is the normalizing power, γ measures the nonlinearity of the graphene response, and β is a normalization constant. With simple modifications (introducing the appropriate sign and offset in the above equation), our model can also be used to treat the case where the unilluminated graphene has some initial doping, as described in Supplementary Section 4. The graphene photocurrent is then converted to photoresponsivity by dividing by P:
The photoresponsivity predicted by the model is calculated by fitting the experimental photoresponsivity data for all laser powers using β = 84.7 A, γ = 0.19 and ε = 21.2 μm. This value of the recombination length ε is reasonable when considering the range of values for impurity/defect cross-sections, ϕ = 10 −18 to 10 −14 cm 2 (refs 35-38) , and densities, δ = 10 14 to 10 20 cm −3 (refs 39, 40) , for SiC. A comparison of the model photoresponsivity against the experimentally measured photoresponsivity for different laser powers is presented in Fig. 4e . We found that our model can explain the nonlocal position-dependent photoresponsivity data measured at 532 nm (Fig. 4e ) and other wavelengths (Supplementary Section 4) . We note that this model does not adequately describe the behaviour of graphene photoresponsivity at distances greater than 200 µm. This discrepancy (which is greater for higher powers) may be due to the high density of electrons and holes created along the path of the laser beam, which may modify the recombination length near the laser beam path within the SiC. Additionally, the precision of delivery of the illumination to a narrow spot may be compromised due to scattering within the substrate and reflection from the backgate. The light may scatter towards locations closer to the graphene, inducing charge carriers closer to the graphene and generating a response that would otherwise not be expected. With the relatively good fit to our data, the developed model has been shown to be suitable for aiding our understanding of the physical mechanisms of the GFET position-dependent photoresponse. The model can also be applied for a variety of gate voltages, wavelengths 
Conclusions
We have demonstrated that the photoresponse in GFETs allow nonlocal, position-sensitive and large-area photodetection. The photoresponse characteristics of our devices can be controlled by simply varying the illumination distance from the graphene. The device shows substantial photoresponsivity, even when the light is incident as far as 500 µm from the graphene channel for P = 5 µW. We expect that our devices will show a photoresponse for even larger distances (centimetre-scale) if the illumination power is increased. In contrast, all the previous graphene photodetectors are based on local detection, where the illumination occurs either on or very close to the graphene. Consequently, they do not exhibit position sensitivity over such a large detection area. We have developed a numerical model that explains the field-effect photodetection mechanism and the experimental observation of position-dependent photocurrent characteristics for our devices. The relatively simple and unique device configuration (a combination of small graphene and large SiC substrate) results in both the position sensitivity and large photodetection area. In addition, the moderately high photoresponsivity of our devices (higher than standard graphene photodetectors, but lower than some graphene-nanomaterial hybrid detectors 2, 8, 9, 13, 14 ) meets the photoresponsivity required for most practical applications (∼1 A W -1 ) (ref. 7). We also anticipate that the photoresponsivity can be further improved by optimizing the fabrication processes and measurement conditions (for example, increasing the source-drain bias voltage, reducing the laser power, and so on). Another interesting aspect of our results is that the photo-activated field-effect mechansim enables a backgated fieldeffect transistor (FET) with graphene on insulating SiC substrates, which would not exhibit an observable field effect without illumination. This approach can be generalized to fabricate FETs using other two-dimensional materials on other insulating/wide-bandgap semiconductor substrates, without the need to fabricate multilayer structures for top gates. The use of a wide range of undoped semiconductor substrates, differing in bandgaps and other electrooptical properties, will allow the detection of light over a wide range of wavelengths (Supplementary Section 12) . This flexibility will be valuable when employing such GFET-based photodetectors in future nanoelectronics and optoelectronics.
Methods
Methods and any associated references are available in the online version of the paper.
Device fabrication. Single-layer graphene was prepared by micromechanical exfoliation from highly ordered pyrolytic graphite (HOPG). The graphene was transferred onto a 6H-SiC substrate (PAM-Xiamen, resistivity ≥1 × 10 5 Ω cm) with a thickness of 416 µm by a polymer assisted transfer method 41 . The source and drain electrical contacts to the graphene were fabricated using electron-beam lithography followed by deposition of 5 nm Cr and 65 nm Au. The channel defined by the electrodes was ∼2 μm long and ∼4 μm wide. Finally, the Cr (5 nm)/Au (65 nm) was also deposited on the back side of the SiC to make the backgate contact.
Device characterization. The Raman spectra of graphene on the SiC substrate were measured using a Horiba Jobin Yvon Xplora confocal Raman microscope. After fabricating the devices, we performed their initial electrical testing. The devices were then wire-bonded to chip carriers and placed in a chip socket in a motorized sample stage (Marzhauser Wetzlar) for the position-dependent photoresponse measurements. Computer-guided micropositioning of the sample was used to change the location of illumination positions across the device. A laser beam with a wavelength of 532 nm was focused through ×100 objective lens (NA = 0.6) onto the device. The size of laser beam incident on the device was ∼0.6 µm. The incident laser power was calibrated using a power meter. Nonlocal photoresponse measurements were also performed using other illumination laser wavelengths (Supplementary Section 4). For each illumination position, the two-terminal d.c. electronic and optoelectronic characterization of the device was performed using two Keithley 2400 source meters.
Data availability. The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.
